Abstract High levels of circulating carotenoids are hypothesized to reduce breast cancer risk, potentially due to their antioxidant properties. However, little is known about the relationship between carotenoid exposure earlier in life and risk. We examined associations of premenopausal plasma carotenoids and markers of oxidative stress and risk of breast cancer among 1179 case-control pairs in the Nurses' Health Study (NHS) and NHSII. Levels of a-and b-carotene, b-cryptoxanthin, lycopene, and lutein/zeaxanthin were quantified by high-performance liquid chromatography. Three fluorescent oxidation products (FlOP_360, FlOP_320, FlOP_400) were measured in a subset of participants by spectrofluoroscopy. Multivariate conditional logistic regression was used to estimate odds ratios and 95 % confidence intervals for breast cancer by quartile, as well as P values for tests of linear trend. We additionally examined whether 45 single-nucleotide polymorphisms (SNPs) in five genes involved in oxidative and antioxidative processes or carotenoid availability were associated with risk. Carotenoid measures were not inversely associated with breast cancer risk. No differences by estrogen receptor status were observed, though some inverse associations were observed among women postmenopausal at diagnosis. Plasma FlOP levels were not positively associated with risk, and suggestive inverse associations with FlOP_320 and FlOP_360 were observed. Several SNPs were associated with carotenoid levels, and a small number were suggestively associated with breast cancer risk. We observed evidence of interactions between some SNPs and carotenoid levels on risk. We did not observe consistent associations between circulating levels of premenopausal carotenoids or FlOP levels and breast cancer risk.
Introduction
The role of dietary factors in breast cancer etiology has attracted substantial interest. Specifically, diets rich in fruits and vegetables have been hypothesized to reduce cancer risk, though results from several large-scale epidemiologic studies of breast cancer have been inconclusive [1] [2] [3] [4] [5] . Despite these equivocal findings, it remains biologically plausible that some components of fruits and vegetables have anti-carcinogenic effects. One class of compounds that has attracted considerable interest is carotenoids, fat-soluble nutrients responsible for the coloring of many red, orange, and dark green fruits and vegetables. Some epidemiologic studies of carotenoids and breast cancer risk have suggested a modest protective effect of at least some carotenoids, with stronger results typically seen in studies examining circulating biomarkers than those relying on measures derived from recalled dietary data [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Most recently, our pooled analysis (n = 3055 cases) reported significant inverse associations between circulating a-carotene, b-carotene, lycopene, lutein/zeaxanthin, and total carotenoids levels and breast cancer risk, with relative risks (RRs) (top vs. bottom quintiles) of 0.78-0.87 [17] . The associations with carotenoids may vary by breast cancer subtype, with a stronger protective effect observed for estrogen receptor negative (ER-), compared to estrogen receptor positive (ER?) tumors [17, 18] .
The potential mechanisms through which carotenoids may influence breast cancer risk are numerous. Carotenoids may promote cellular differentiation and inhibit tumorigenesis and proliferation, either directly, or through the conversion of the provitamin A carotenoids (a-carotene, b-carotene, and b-cryptoxanthin) to retinol. Further, carotenoids may act via their antioxidant properties. At high levels, reactive oxygen species (ROS) produced by endogenous and exogenous processes may induce potentially carcinogenic DNA damage and gene expression modification [18] . Antioxidants, including carotenoids and several endogenous enzymes, may inhibit carcinogenesis by neutralizing these reactive molecules, thereby reducing the burden of oxidative stress. To date, largely null results have been reported from a small number of prospective studies of various oxidative stress biomarkers and breast cancer risk [19, 20] . Including our analysis in the Nurses' Health Study (NHS) [21] , which examined plasma levels of three fluorescent oxidation products (FlOP_360, FlOP_320, FlOP_400). Thus, the roles of oxidative stress and antioxidant activity in breast cancer etiology are not clear.
Presently, little is known about the relationship between carotenoid exposure earlier in life and breast cancer risk. In our pooled analysis [17] , which included data from nearly all published prospective studies of circulating carotenoids and breast cancer, 67 % of participants were postmenopausal when biomarkers were measured. Here, we examined the relationship between premenopausal plasma carotenoid and fluorescent oxidation products levels and subsequent breast cancer risk in the NHS and NHSII. To maximize power, we included premenopausal women from previously published data sets in the NHS [10, 21] . We also explored interactions between carotenoids and several single-nucleotide polymorphisms (SNPs) in genes hypothesized to predict carotenoid availability or influence ROS formation and neutralization among NHSII participants.
Methods

Study population
The NHS and NHSII are ongoing prospective cohorts, initiated in 1976 and 1989, respectively. The NHS was established among 121,700 registered female nurses, ages 30-55 years; the NHSII was established among 116,430 registered female nurses, ages 25-42 years. At baseline, and on subsequent biennial questionnaires, participants provided updated information about lifestyle factors and medical diagnoses.
Biospecimen collection
In 1989-1990, 32,826 NHS participants, ages 43-70 years, provided blood samples and responded to a short questionnaire [22] . Participants had their blood drawn and samples were returned to the laboratory, with an icepack, via overnight courier, with 97 % arriving within 26 h of blood draw. Upon arrival, blood samples were centrifuged to isolate plasma, buffy coat, and red blood cell components.
The NHSII blood collection occurred in 1996-1999, when 29,611 participants who were cancer-free and ages 32-54 years provided blood samples and answered a short questionnaire [23] . Of these women, 18,521 who were premenopausal and had not been pregnant, breastfed, or used oral contraceptives in the 6 months preceding collection provided samples timed within their menstrual cycle. Participants collected follicular phase blood samples during days 3-5 of their menstrual cycle, and blood and urine samples during the luteal phase, 7-9 days before the anticipated start of their next cycle. Participants were instructed to separate follicular phase via pipette and freeze the plasma component before returning it to the laboratory. Samples were stored with an ice pack and returned to the laboratory via overnight courier; 93 % of samples were received within 26 h of collection. Upon arrival at the laboratory, luteal phase samples were processed similarly to NHS samples. Blood samples from both cohorts were aliquoted into cryotubes and stored in liquid nitrogen freezers.
NHS case-control selection
Eligible breast cancer cases who were premenopausal at blood draw and diagnosed before June 1, 2010 were selected from a previous analysis of carotenoids and breast cancer risk [17, 24] . A total of 498 cases were reported on biennial questionnaires and subsequently confirmed through medical record review (n = 495) or verbal confirmation (n = 3). Cases were matched (1:1) to controls age (±2 years), month (±1), and time of day of blood draw (±2 h), fasting status (\2, 2-4, 5-7, 8-11, 12 ? h), and menopausal status at blood draw and diagnosis. A total of 466 pairs were included in carotenoid analyses. FlOP assays were performed for cases diagnosed before June 1, 2006 (383 pairs).
NHSII case-control selection
Breast cancer cases were participants premenopausal at blood collection and diagnosed before June 1, 2011. Cases were matched to controls on age (±2 years), race, menopausal status at blood draw and diagnosis, luteal day (±1 day for timed samples), month (±2), time of day (±2 h), and fasting status (\2, 2-4, 5-7, 8-11, 12 ? h) of blood draw. Plasma biomarker analyses used one matched case per control. The carotenoids analyses include a total of 677 pairs. FlOP assays were conducted on cases diagnosed prior to June 1, 2007 (401 pairs). For genetic analyses, cases were diagnosed before June 1, 2009, and matched to controls in either a 1:1 or 1:2 frequency (613 cases, 1066 controls). Genetic analyses were restricted to Caucasian participants to reduce the possibility of population stratification.
Laboratory methods
Case-control pairs were assayed together in random order by technicians blinded to case status. Plasma carotenoids were assayed at the Micronutrient Analysis Laboratory at the Harvard School of Public Health Department of Nutrition using the reversed-phase, high-performance liquid chromatography method previously described by ElSohemy et al. [25] . Levels of a-carotene, b-carotene, bcryptoxanthin, lutein/zeaxanthin, and lycopene were assessed, and summed to calculate total carotenoids. Carotenoids were assayed in 11 batches (9 in NHS; 2 in NHSII); coefficients of variation (CVs) were B15 %, with the exception of three batches of a-carotene, two batches of b-carotene, and 1 batch each of b-cryptoxanthin and lycopene, which each had CVs of B20 %; 1 batch of bcryptoxanthin had CV = 22 %.
FlOP levels were assayed at the University of Cincinnati using a spectrofluoroscopy method previously described by Wu et al. [26] . Concentrations of three individual FlOPs were assessed: FlOP_360 (excitation 360 nm, emission 420 nm), FlOP_320 (excitation 320 nm, emission 420 nm), and FlOP_400 (excitation 400 nm, emission 475 nm). FlOPs were assayed in 3 batches (2 in NHS; 1 in NHSII); CVs for all FlOP measures were B20 %.
Evidence of batch-to-batch variability in biomarker assays was observed; therefore, NHS carotenoid measurements were recalibrated using replicates of participant samples [17] . FlOP measurements from both cohorts were recalibrated to an average batch using methods previously described by Rosner et al. [21, 27] . The number of participants included in analyses varies by biomarker due to laboratory difficulties that resulted in missing values for some participants.
SNP selection and genotyping
The Tagger algorithm [28] in the Haploview program [29] and dense genotyping data from the HapMap Release 28 CEU panel was used to select a total of 45 SNPs in five genes (CAT, GPX1, SOD2, MPO, BCMO1) that were of interest due to their biologic roles in oxidative and antioxidative processes [30, 31] . SNPs were selected to capture variation with a coefficient of determination (R 2 ) [0.8 in a segment spanning 20 kb upstream and 10 kb downstream of each gene. We selected tagging SNPs with a minor allele frequency [5 % in the reference panel, including the two candidate SNPs rs1050450 and rs4880, in GPX1 and SOD2, respectively. We included two additional BCMO1 SNPs, rs1641417 and rs7501331, that were previously genotyped in NHSII [32] .
Genotyping was performed at the Dana Farber/Harvard Cancer Center High Throughput Polymorphism Detection Core, with Taqman OpenArray SNP Genotyping Platform. All case-control pairs were processed in the same batch by technicians blinded to case status, and duplicate samples were included across batches as quality controls. Call rates for all SNPs were [97 %.
Covariates
Covariate information was obtained from biennial questionnaires (height, age at menarche, parity, age at first birth, family history of breast cancer, history of benign breast disease) and blood collection questionnaires (weight, smoking status).
Statistical analyses
Statistical outliers in plasma biomarkers were identified and removed using the extreme Studentized deviate manyoutlier procedure; [33] the number of outliers ranged from 2 (a-carotene) to 56 (FlOP_320). Quartile cutpoints were determined using distributions among the controls; results were similar when quintiles were examined. Linear tests for trend were conducted by modeling quartile medians continuously and evaluating the Wald statistic. We additionally cross-classified total carotenoid and individual FlOPs by dichotomizing each biomarker at its median.
We pooled NHS and NHSII data and used conditional logistic regression models adjusted for several breast cancer risk factors to estimate RRs and corresponding 95 % confidence intervals (95 % CI). To examine variation in associations across subgroups, we evaluated the significance of interaction terms between the ordinal median biomarker variable and binary variables for cohort, BMI, smoking status, and menopausal status at diagnosis using Wald tests. We used polytomous logistic regression [34] to evaluate whether associations varied by ER status, which was determined by medical record review.
Tests for deviation from Hardy-Weinberg equilibrium were conducted among controls for all SNPs using the Pearson's goodness of fit test with a cutoff of 0.01. For all genetic analyses, SNP effects were assumed to be additive, and the number of minor alleles was modeled as an ordinal variable (0, 1, 2).
Associations between SNPs and plasma carotenoid levels were evaluated among controls using age-adjusted generalized linear models. Tests for trend were conducted by modeling number of minor alleles continuously and calculating the Wald statistic. To examine associations between SNPs and breast cancer risk, per-allele RRs were estimated using age-adjusted unconditional logistic regression models. Interactions between SNPs and plasma carotenoid levels on risk were also evaluated using ageadjusted unconditional logistic regression. Plasma carotenoid levels were dichotomized at their medians, and per-allele RRs were calculated separately by carotenoid level. Likelihood ratio tests were used to calculate P values for interaction terms that were the product of number of minor alleles and continuous carotenoid levels. All P values were two-sided and tests of significance were performed at the a = 0.05 level. All analyses were conducted using SAS v. 9.2 (SAS Institute, Cary, NC).
Results
Overall, 1143 matched case-control pairs across both cohorts had carotenoid data and 784 pairs had FlOP data; a total of 748 pairs had both carotenoid and FlOP data. Genotype data were available for 597 cases and 1048 controls, of which 536 cases and 531 controls also had carotenoids measured. Among 1179 cases and matched controls in the carotenoid or FlOP analyses, average age at blood draw was 46 years (NHS: 48 years; NHSII: 43 years) ( Table 1 ). Cases and controls were similar with regard to most characteristics, though cases were more likely than controls to report a family history of breast cancer and a personal history of benign breast disease. 44 % of cases were postmenopausal at diagnosis.
Individual carotenoids were significantly positively correlated with one another; Spearman correlations ranged from r = 0.28 (a-carotene and lycopene) to 0.77 (a-carotene and b-carotene). Significant correlations also were observed among FlOP measures (FlOP_360 and FlOP_320, r = 0.58; FlOP_360 and FlOP_400, r = 0.73; FlOP_320 and FlOP_400, r = 0.49). Weak, but significant, correlations ranging from r = 0.10 (a-carotene) to 0.23 (lycopene) were observed between FlOP_360 and carotenoids; FlOP_320 and FlOP_400 were not correlated with carotenoids.
Plasma carotenoids were not inversely associated with breast cancer risk overall (Table 2 ) (e.g., total carotenoids top vs. bottom quartile RR = 0.99, 95 % CI (0.77-1.28), p trend = 0.67). Similarly, FLOP levels were not positively associated with risk (Table 3) , though we observed some evidence of inverse associations with FlOP_360 (top vs. bottom quartile RR = 0.68, 95 % CI 0.50, 0.95; p trend = 0.07) and FlOP_320 (RR = 0.76, 95 % CI 0.55, 1.06; p trend = 0.08).
When we stratified by menopausal status at diagnosis, significant interactions were detected for a-carotene, bcarotene, and total carotenoids (p interaction = 0.03-0.05) ( Table 4) . While no associations were apparent among women premenopausal at diagnosis, suggested, or significant inverse associations between plasma carotenoids and breast cancer risk were observed among women postmenopausal at diagnosis (e.g., lycopene top v. bottom quartile RR (95 % CI): premenopausal at diagnosis = 1.00 (0.70, 1.42), p trend = 0.99; postmenopausal at diagnosis = 0.66 (0.45, 0.96), p trend = 0.02; p heterogeneity = 0.03). We further explored these results by examining whether age at diagnosis or time between blood draw and diagnosis modified the associations. Associations were similar among women diagnosed \50 and C50 (all p heterogeneity C0.19). The association between lycopene and risk appeared stronger among women with longer intervals between blood draw and diagnosis (top v. bottom quartile RR (95 % CI): \8 years between draw and diagnosis = 1.03 (0.71, 1.48), p trend = 0.58; C8 years between draw and diagnosis = 0.63 (0.45, 0.90), p trend = 0.01; p heterogeneity = 0.02), though the associations with other carotenoids did not significantly differ by time to diagnosis (all p heterogeneity C0.19). BMI, smoking, and cohort did not modify the relationship of carotenoids and FlOPs with risk (data not shown).
While associations between carotenoids and breast cancer risk did not vary by ER status (all p heterogeneity C0. Table 1) . When cross-classifying FlOPs and total carotenoid levels, we observed no evidence that women with low carotenoid and high FlOP levels were at increased risk (data not shown).
Genotype frequencies were in Hardy-Weinberg equilibrium among controls in all but one SNP (rs17080528); inspection of the cluster plot indicated no evidence of genotyping error and it was included in analyses. In logadditive models, minor alleles of two CAT SNPs were associated with increased breast cancer risk: rs11032686 (per-allele OR = 1.31, 95 % CI 1.02, 1.67) and rs7947841 (per-allele OR = 1.36, 95 % CI 1.07, 1.74); no other SNPs were associated with risk (Suppl. Table 2 ). Several SNPs were associated with carotenoids (Suppl. Table 3 ), including SNPs in the BCMO1 gene, consistent with our previous report [35] .
Associations between CAT, SOD2, and GPX1 SNPs and breast cancer risk varied by plasma carotenoid level (Table 5) . For example, an increasing number of A alleles for CAT SNP rs11032686 appeared to confer an increased risk among women with high levels of b-cryptoxanthin 
Discussion
Overall, we did not find significant associations between premenopausal plasma carotenoid levels and breast cancer risk in this large nested case-control study. However, higher levels of carotenoids during premenopause, particularly lycopene, were suggestively associated with a lower risk of postmenopausal breast cancer. Results did not differ by ER status. While none of the FlOP biomarkers were positively associated with risk, premenopausal levels of FlOP_360 and FlOP_320 were suggestively inversely associated with risk. Lastly, we observed that several SNPs in five genes that influence oxidant and antioxidant status were associated with carotenoid levels, and a small number were suggestively associated with breast cancer risk. Our data additionally suggest that the association between some SNPs and risk are modified by carotenoid levels. The association between circulating carotenoids and breast cancer risk has been examined previously in several epidemiologic studies, with findings generally suggesting weak or modest protective effects. Although null or largely null findings have been reported in some smaller individual studies [7, 9, 12] , in our pooled analysis, we observed inverse associations between breast cancer risk and a-carotene, b-carotene, lutein/zeaxanthin, and total carotenoids (top v. bottom quintile RRs = 0.78-0.87). The same carotenoids were also significantly inversely associated with risk in a previous analysis in the NHS that included both postmenopausal and premenopausal participants (RRs = 0.64-0.76) [10] .
To date, ours is the first study to specifically investigate premenopausal carotenoids and subsequent breast cancer risk, and our largely null findings may reflect that our study is capturing a different etiologic period than previous analyses, which have assessed exposure later in life. Interestingly, we observed stronger inverse associations among women postmenopausal at diagnosis. This suggests that the effects of carotenoids on risk may differ by hormones, given the stark differences in hormonal milieu by menopausal status. Although we did not observe differences in associations by ER status, stronger inverse associations have been observed with ER-tumors in large pooled studies of dietary [3, 16] and circulating [17] ), age at menarche (B11, 12, 13, C14 years old), alcohol intake (non-drinker, B5, 5.01-10, 10.01-15, [15 g/day), parity/age at first birth (nulliparous, 1 child/\25 years old, 1 child/C25 years old, C2 children/\25 years old, C2 children/C25 years old), family history of breast cancer (yes/no), history of benign breast disease (yes/no) carotenoids, suggesting a stronger association of carotenoids with less hormonally driven tumors. Alternatively, given their role as antioxidants that may reduce oxidative stress-induced DNA damage [36] , the effects of carotenoids may be more pronounced with increasing time since blood collection, reflecting their importance in preventing cancer initiation rather than disease progression. However, the correlation between time since blood collection and postmenopausal status in our data makes it difficult to disentangle these factors.
We found no evidence of a positive association between FlOP levels and overall breast cancer risk; however, we observed suggestive inverse associations with FlOP_360 and FlOP_320. FlOP levels are hypothesized to reflect global levels of oxidation, and have been associated with exposures related to oxidative stress, including cigarette smoking, hypertension, and total cholesterol [37] , and with increased risk of coronary heart disease [38, 39] . Our prior analysis of FlOP measurements and breast cancer risk in the NHS generally suggested no association, though there was evidence that persistently high levels of FlOP_320 were associated with increased risk [21] . FlOP measurements quantify interactions between oxidation products with lipids, proteins, carbohydrates, and DNA; it is possible that more specific markers of oxidative stress might have greater relevance to breast cancer etiology, though no associations were observed between prospectively measured urinary markers of lipid peroxidation and breast cancer risk in the Shanghai Women's Health Study [19, 20] .
Endogenous enzymatic factors may also be involved in defense against oxidative stress. Proteins encoded by CAT, GPX1, and SOD2 may reduce the burden of oxidative stress through neutralization of ROS into compounds with less carcinogenic potential, while the MPO enzyme contributes to oxidative stress through formation of oxidants. Previous findings suggest that the effect of GPX1 SNP rs4880 on breast [40], cervical [41] , and prostate cancer [42] risk may be modified by antioxidant status. We did not observe interactions between rs4880 and carotenoids on breast cancer risk, but found interactions with four other GPX1 SNPs. We additionally noted interactions between carotenoids, several CAT SNPs and breast cancer risk, and an increased risk with two other CAT SNPs. At least one functional polymorphism in the promoter region of this gene (rs1001179) has been shown to decrease catalase activity [43] [44] [45] , which could hypothetically affect cancer risk. However, results from epidemiologic studies have been inconsistent [46, 47] , and our results did not indicate evidence of any significant association with this SNP.
BCMO1 plays a central role in the conversion of provitamin A carotenoids to retinal, and activity of this protein is reduced among women with copies of the rs6564851 minor allele [48] . Consistent with previous findings from the NHS and other studies [35, [48] [49] [50] , a positive association between the G allele of rs6564851 have been observed with a-carotene and b-carotene levels, and an inverse association with lutein/zeaxanthin [35, 50] . Positive associations between rs12934922 variants and plasma levels of some carotenoids have also been reported ), age at menarche (B11, 12, 13, C14 years old), alcohol intake (non-drinker, B5, 5.01-10, 10.01-15, [15 g/day), parity/age at first birth (nulliparous, 1 child/\25 years old, 1 child/C25 years old, C2 children/\25 years old, C2 children/C25 years old), family history of breast cancer (yes/no), history of BBD (yes/
[35, 49], though we did not observe significant associations with this SNP. We also observed several significant associations between SNPs in CAT, GPX, SOD2, and MPO and carotenoids; to our knowledge, these associations have not previously been studied. There are several limitations to our study. First, carotenoids and FlOPs were assessed at a single time point. However, among postmenopausal women in the NHS, plasma carotenoids had good reproducibility over a threeyear period ( although 10-year ICCs were notably lower (0.14-0.30) [21] . Additionally, we performed a large number of statistical tests, and at least some of significant associations may be due to chance. Because many of these associations had not been previously evaluated, we opted not to adjust for multiple testing; however, these results should be viewed as exploratory and interpreted with caution. Lastly, we cannot rule out the possibility of unmeasured confounding, despite adjusting our analyses for known and suspected confounders.
Overall, we did not observe significant inverse associations between premenopausal levels of circulating carotenoid and subsequent breast cancer risk in this large ), age at menarche (B11, 12, 13, C14 years old), alcohol intake (non-drinker, B5, 5.01-10, 10.01-15, [15 g/day), parity/age at first birth (nulliparous, 1 child/\25 years old, 1 child/C25 years old, C2 children/\25 years old, C2 children/C25 years old), family history of breast cancer (yes/no), history of benign breast disease (yes/no) a P-heterogeneity calculated by evaluating significance of cross-product of ordinal median carotenoid variables and menopausal status using Wald tests 
